An experimental comparison of the performance of single-and double-layer planar lens lithography (PLL) has been carried out. A direct comparison is made with a single 50nm silver lens and a double silver lens with two 30nm layers. Sub-diffraction-limited features have been imaged in both cases, with dense grating periods down to 145nm and 170nm for the single-and doublelayered stacks, respectively. For the same total thickness of silver the resolution limit is qualitatively better for a double layer stack. However, pattern fidelity is reduced in the double layer experiments due to increased surface roughness.
Introduction
One of the most important tools equipping the semiconductor industry was, and still is, optical lithography. Optical lithography's characteristic advantages of cheap, parallel, and repeatable performance gave manufacturers the required economic foot-hold to develop and maintain the industry. However, the struggle to push optical lithography to higher resolution performance is moving the technique away from its strengths, involving more complexity and cost than ever before. New cost-effective methods are needed to overcome the constraining factors in optical lithography, in particular to take the technique past the diffraction-limit without the huge expense. The key to this may lie in the area of plasmonics.
Since Pendry proposed the perfect lens theory in 2000 1 there has been huge interest in the area, amounting to extensive theory, simulation, and experimentation efforts 2 . Pendry predicted that the near-field of a source could be amplified and refocused by a slab of negative index material to reconstruct a sub-diffraction-limited image. This idea built on a 30-yearold theory that propagating waves were also focused by such a slab 3 . Furthermore, Pendry's suggestion of a silver superlens under UV light exposure gave solid direction for sub-100nm
super-resolution imaging. Initial work on planar lens lithography (PLL), showing that silver could image features at the i-line wavelength of a mercury lamp 4 , has been recently added to with conclusive proof of sub-diffraction-limited imaging 5, 6 , confirming Pendry's controversial theory. The two experimental demonstrations are similar in many respects, with both using imaging into a photo resist layer. The distinct difference is that our technique 5 is compatible with subsequent pattern transfer, whereas the method of Fang et al. 6 is not, so it cannot be used as a lithography process.
Although PLL does not provide better resolution than a contact lithography regime, it is however capable of producing similar resolution at a set distance from the lensing layer 7 .
This allows the possibility of sub-diffraction-limited imaging without the need for resist-tomask contact, which can damage the mask.
Recent work has suggested that dividing a lossy silver slab into multiple layers could improve resolution when comparing setups with the same total thickness 8 . It was suggested that this could lead to a near-field imaging lens that is more resilient to manufacturing imperfections. It is the goal of this work to test this idea for the optical near-field with a multiple-layer silver lens using our developed PLL technique.
The next section gives an overview of our experimental method, as well as a summary 2 of the limitations in our fabrication processes. The experimental results are then described and analysed giving an insight into the reality of a multi-layered lens before Finite-difference time-domain simulations are performed to back up the experimental results. Finally, conclusions about the system are made.
Experimental method
The experimental technique, providing repeatable super-resolution imaging results in an optical lithography environment, is based on previous work describing conformable-contact lithography 9, 10 . These methods use flexible membranes under vacuum to ensure intimate contact between an object and an imaging layer. Our experimental setups for single-and double-layer planar lens lithography are shown in Fig 1. A tungsten mask is patterned onto a conformable glass coverslip, before additional spacer (PMMA or SiO 2 ) and silver layers are deposited. The PLL mask is then attached to a supporting structure and brought into contact with a photosensitive imaging layer. The process steps are briefly described below, while full details can be found in Ref 5 .
An accurately determined gap between the bottom of the silver and the imaging layer is extremely important for the success of PLL. This is assured by building conformable masks on flexible glass coverslips, which are either 100 or 200µm thick. The thinner the coverslip the more it will conform to deviations in the imaging layer, allowing the silver-to-image-layer gap to be set by a final spacer layer. However, thinner coverslips are also more prone to breakages. Tungsten features are created by sputtering tungsten onto the coverslips (see Table 7 for deposition parameters) before creating a poly(methylmethacrylate) (PMMA) etch mask with an electron beam lithography (EBL) tool and reactive ion etching (RIE) the result (see table 7 for RIE parameters). Grating patterns have been created with periods from 5µm down to 100nm, as well as isolated features and line pairs, for testing the resolution of the process.
Next, the additional PLL layers are constructed. The first spacer layer has two important functions: it must provide a non-conducting separation between the silver and the mask and, secondly, it planarises the mask's topology to allow unconfounded superlensing results. To deliver this, a layer of PMMA is spun onto the tungsten pattern coverslip approximately 6-8 times thicker than required. This is then reflowed overnight at 185
• C before being gradually etched back to the required thickness. This method planarises 30nm steps in the tungsten mask to less than 5nm, with a surface roughness of less than 1nm root-mean-square (RMS).
Following this, silver and silicon dioxide layers are deposited by thermal evaporation in a single vacuum deposition run, to avoid oxidation or sulphidation of the silver. The silver deposition process has been developed to provide the smoothest layer possible, which is achieved through fast deposition (see table 7 ). Below a thickness of 35nm it was found that the silver's roughness greatly increased. Typical roughness values for the silver and silicon dioxide layers are approximately 1nm RMS for the single layer and approximately 2nm RMS for the double layers.
The level of planarisation of the final mask is important so that no imaged features can be attributed to the topography of the silver layer. The final planarisation for all masks is less than 5nm for the results shown here and, for gratings below a 250nm period, it is less than 2.5nm peak-to-peak. are long -ranging from 400-900s -due to the intensity reduction through the interference filter and silver layers. Exposed samples are then developed in full strength AZ300-MIF developer (2.18% tetra-methyl ammonium hydroxide) for 3s, and rinsed in deionised water.
For investigating the performance of the system a Digital Instruments DI3100 atomic force microscope (AFM) has been used to scan the exposed samples. At this stage no pattern transfer has been attempted into the silicon, however this has been proven to work well by Alkaisi et al. 9 for a related near-field lithography process.
A. Fabrication issues
There are a number of refined process steps required to achieve unambiguous super-resolution using the PLL method. Some of the limiting factors that result from these processes are:
resolution restrictions for gratings using the EBL and RIE patterning process, sufficient planarisation of the first spacer layer, exact control of the first spacer layer's thickness, and 4 roughness of the silver. These four limitations have restricted or limited our experimental testing.
Our tungsten mask patterning process has a resolution limit of between 100-120nm. This is close to the current limit of the experiments, thus the absolute resolution limit may not have been reached. The limit is mainly due to proximity effects during the EBL patterning of the PMMA, and we are currently investigating ways to overcome this.
When the first spacer layer is planarised, control over the final thickness is difficult.
The oxygen RIE process used to etch back the PMMA layer is controllable to ± 3nm, which then puts limits on the stack's following layers, as the ratio of spacer to silver lens is predetermined 3 . This has meant that performing comparisons between single-and doublelayered masks with exactly the same total thickness of silver has been difficult.
The silver evaporation process has been tuned to produce the smoothest layers possible, which is achieved through increased deposition rate. This works for film thicknesses greater than 35nm with great success, but below this the roughness of the silver increases. This roughness increase can be attributed to a lack of surface 'wetting', which results in beading due to surface tension. These effects are overcome for thicknesses above 35nm. Thinner layers of the SiO 2 spacer also suffer from pin-holes, which can cause shorts between conducting layers. This has limited us to the study of single-and double-layer lenses, whereas improved performance for larger numbers of layers has been proposed 8 . To allow faster deposition of silver to minimise these problems, a more robust planarisation layer may be required.
Experimental Results
Single and double-layered PLL experiments have been carried out and their performance analysed. Initial super-resolution results were produced through a 25/50/10 -PMMA/Ag/SiO 2 lens stack 5 using broadband illumination. These results have been improved on by filtering the broadband light to give an i-line (365nm) narrowband exposure. Figure 2 shows a range of mask periods that have been imaged, with gratings clearly resolved down to a 170nm period. For our experimental setup the diffraction-limit is set at 243nm 11 , thus these images demonstrate silver's ability to project a sub-diffraction-limited image in the near field. All features are imaged from a sample that was exposed for 720s, which is six-times the exposure time required for the broadband exposure. Fully developed features in the 100nm resist are found at periods of 700nm and above, but this reduces to a 5nm exposed depth for sub-diffraction-limited features.
The best resolution to date is for 145nm period gratings, imaged with the 25/50/10 stack in a 720s exposure. Figure 3 shows an AFM scan of the 145nm period features as well as a
Fourier transform of an averaged line scan perpendicular to the grating to show the spectral components in the image. This is a large step forward in image fidelity when compared with the previous broadband results 5 . The increase in image fidelity is attributed to the removal of exposing wavelengths (through filtering) that are causing background exposure and low spatial frequency distortion in the patterns. This evident when the spatial spectrum of the narrowband result here (Fig. 3(b) ), and the broadband result in Ref 5 are compared.
The 145nm period peak in the broadband result is of similar intensity to the low frequency energy, whereas in the narrowband result the 145nm peak's intensity is higher than all other spectral components, leading to a better image.
A double layer mask was constructed to test the hypothesis that a multi-layered stack would improve the resolution and overcome limitations due to imperfections in the stack's layers layer. This indicates an increase in transmission through the double layer stack despite the increase in total silver thickness. Features above the diffraction limit are imaged with good clarity as seen by the 290nm grating period image in Fig. 4 . Sub-diffraction-limited resolution is also found, however image fidelity for the double layer is reduced considerably. This is clearly depicted by the increased granularity in the 200nm and 170nm grating period images compared with their counterparts imaged through the 25/50/10 stack. The reduction in fidelity is the result of increased surface roughness for the double layer stack, so this is a key parameter that must be improved if the use of multi-layer silver lenses is to be explored further. Nonetheless, these results show that a double-layer stack can achieve similar resolution to a thinner single-layer stack, with higher light transmission. Figure 5 shows the performance of a 30/60/30 -PMMA/Ag/SiO 2 stack that did not produce any sub-diffraction-limited results, but has the same total thickness of silver as the 15/30/30/30/10 stack. This suggests that experimentally a multi-layered mask can achieve better resolution for the same silver thickness. However, the final spacing of 30nm compared 6 to 10nm confounds these results somewhat; it is generally the case that a thinner final spacer is required in order to project the final image a short distance into the imaging resist layer 5, 6 The increase in the resolution and transmission for the double layer can be attributed to an increase in coupling between the layers. For near-field amplification, the fields in a thicker silver layer require larger amplitudes. Since silver is a lossy medium these larger amplitudes are dissipated, reducing the system's ability to transfer the spatial information.
The higher spatial frequencies decay faster as function of distance from the silver surface thus they require more amplification to 're-focus' in the same plane, this leads to the higher spatial frequencies being more highly dissipated. The reduction in amplitude in the thinner silver layers will therefore allow higher spatial frequencies to be transmitted and provide better resolution.
In the double layer stack images there is a noticeable reduction in the image fidelity (most noticibly for the 170nm period grattings in Fig 4) . This is caused by an increased surface roughness attributed to three effects: Firstly, in the 15/30/30/30/10 stack case roughness is caused by the reduction in the thickness of the silver layers (deposition of silver to a thickness less than 35nm results in rougher films as the granularity due to surface tension and cluster size has not yet been overcome by heating and bombardment); secondly, the two additional interfaces in the double layered stack tend to amplify any defects in the lower layers, compounding the roughness from layer to layer; finally, for the thinner layers there is a greater the likelihood of pin-hole shorts between conducting layers -these shorts dampen the plasmonic effects that the technique relies on.
A double layered 25/50/50/50/10 -PMMA/Ag/SiO 2 /Ag/SiO 2 PLL stack has also been investigated to compare with our previous experiments of imaging through much thicker silver layers 4, 12 . A range of images for a 900s exposure are shown in Fig. 6 . No sub-diffractionlimited resolution features were produced from this mask, however, sub-wavelength features were produced that had higher resolution and image fidelity than previous results through 120 and 85nm single silver layers 4, 12 . Figure 6 shows images of gratings with sub-wavelength features, but the image fidelity has again been lost due to the increase roughness from the double layers. Although high-spatial frequency features have not been resolved, the mask's performance above 250nm half-pitch sized features is still good; there is low edge line roughness and the pattern is fully developed into the 100nm thick resist layer.
Simulation Results
Finite-difference time domain (FDTD) electromagnetic simulations have been used to support the experimental results, to explore the nature of the process, and to predict performance. The details of the simulation techniques that we have employed have been described previously 12 ; these simulations showed similar sub-diffraction-limited resolution cutoffs to those experimentally observed for proximity (no lens) and single-layer lens imaging.
Here we present two-dimensional electric intensity simulations for no-lens, single-layer lens, and double-layer lens systems under a 170nm period grating. Figure 7 shows a comparison between a 85nm PMMA proximity spacer, a 25/50/10nm -PMMA/Ag/SiO 2 single-layer lens stack and a 15/30/30/30/10nm -PMMA/Ag/SiO 2 /Ag/SiO 2 double-layer lens stack.
For the no-lens case ( Fig. 7(a) ) the limitations of proximity exposure for sub-diffraction- At this stage the effect of surface roughness has not been investigated through simulation.
Conclusion
This work has demonstrated that super-resolution can be achieved through single-and double-layer of silver imaging stacks in an optical lithography regime. Gratings have been resolved down to a 145nm period for a single layer and to 170nm for a double layer. The resolution limit for a double layer is as good or better than a single layer with the same total silver thickness, however a true limitation on the pattern fidelity has been found due to the increase in surface roughness that is symptomatic of multiple layers. For multiple-layer PLL to achieve commercial quality sub-100nm dense features, work must be carried out to improve the quality of silver films thinner than 30nm. If this is completed, PLL could be a low-cost technique for sub-100nm optical lithography.
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